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A . P roblems 

CCT's for scene I.D, numbers AA0125-08340, AA0131-19420, and 
A0040-085b0 have not been received. 

• Accomplis hments 

Analyses has begun of digital data which have been received. 

C. Significant Results 

Significant results to date are summarized in Appendices, A, B and 

C. Appendix A is the revised version of a manuscript dealing with a 
ground study which appeared in the December 1978 progress report no. 
SDSU-RSI-79-01 and has been accepted for publication in Journal of 
Applied Meteorology. Appendix B, a manuscript submitted to Remote 
Sensing of Environment, describes detection of high soil moisture areas 
which was initially reported in the December 1978 report. Appendix C 

is a paper presented at the Fifth Pecora' Symposium on satellite hydrology. 
It described, in part, HCMM detection of apparent thermal anomalies 
related to perched water tables. The apparent anomalies were detected 
on late-summer night IR imagery, but not on visible or day IR imagery. 
These results are consistent with earlier aircraft investigations. 

D . Publ ications 

See Appendices A, B and C. 

E . Recommendation s 
None at this time. 
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F unds Exp ended 
$76,509.22 


APPENDIX A 

Thermography for Estimating Near-Surface Soil Moisture Under Developing 
Crop Canopies. 


(To be published in March 1980 issue of Journal of Applied Meteorology) 
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ABSTRACT 


Previous investigations of thermal- infrared technique's using 
remote sensors (thermography) for estimating soil water content have 
been limited primarily to bare soil. Ground-based and aircraft 
investigations were conducted to evaluate the potential for extending 
the thermography approach to developing crop canopies. A significant 
exponential relationship was found between the volumetric soil water 
content in the 0 to 4-cm soil layer and the diurnal difference between 
surface soil temperature measured at 0230 and 1330 local standard 
time (satellite overpass times of NASA's Heat Capacity Mapping Mission 
HCMM). Surface soil temperatures were estimated using minimum air 
temperature, percent cover of the canopy and remote measurements of 
canopy temperature. Results of the investigation demonstrated that 
thermography can potentially be used to estimate soil temperature and 
soil moisture throughout a complete growing season for a number of 
different crops and soils. 
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1. Introduction 

Remotely sensed surface toiiipora Cures have been investigated for 
estimating soil water content (Idso et al , , 1975; Idso and Ehler, 1976 j 
Schniugge et al., 1978). Soil v/ater contents have been related to 
d'lfferences between the daily inaxiiiium and minimum soil or crop tempera- 
tures and air temperature. The investigations have generally been 
limited to bare soils or fully developed crop canopies because of 
difficulties in interpreting thermal data at less than full cover when 
significant emittance contributions from both soil and vegetation occur. 
The ability to derive useful information from remote temperature 
measurements for conditions other than bare soil or fully developed 
canopies would greatly expand the usefulness of the remote sensing 
techniques. 

Investigators linvo shown that, even ai full cover, tlieriaal 
emittance from tlie soil surface can affeu t remote temperature measure- 
ments of crop canopies (Blad and Rosenberg, 19/6). 

Thus, surface soil temperatures can potentially be estimated from 
remote measureiiionts of land surface emittance where a crop canopy is 
the primary source of radiation. 

We conducted a ground based and aircraft investigation to evaluate 
the potential for cst iiiiating soil surface temperature and soil moisture 
from measurements of total area emittance at various stages of crop 
canopy developiiu'iii. The investigation was conducted to examine data 
collected during times of tlie diurnal temperature cycle corresponding to 
data collection by NASA's Heat Capacity Mapping Mission (HCMM), launched 
in April 1978. The satellite, which carries a two-channel radiometer 
(0.5 to 1.1 and 10 to 12 mii) in a sun-synchronous orbit, collects data 
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at mid-latitudes at approximately 0P.30 and 1330 local standard time 
(LST) during the diurnal cycle with repeat coverage of five or 16 days 
depending on latitude. 

2. Materials and Methods 
Plot Study 
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Experiments were conducted on a 25 x 300-m field of Volga loam 
(fine, loamy over sandy, mixed (calcareous), frigid, Cumulic 
Haplaquoll) at the South Dakota State University Agricultural Engineer- 
ing Research Farm located 8-km south of Brookings, South Dakota. Larker 

barley ( Hordeum vulgare L.) was planted in the field at 15-cm row 

' 

spacings (north-south rows) and a population of 2.5 million plants/ha. 
Rainfall in the Brookings area averages 558 mm/year. No supplemental 
water was applied to the barley. Surface roughness of the soil was 
minimal. 

Surface soil temperatures (about 1 mm below the soil surface) were 
measured with copper-constantan thermocouples at two locations (A and 
B) within the field. For each location, three thermocouples were wired 
in parallel to obtain an average measurement which approximated surface 
temperature. Apparent canopy temperatures consisting of emittance 
contributions from the soil surface and the barley (shaded and sunlit 
leaves) were measured with a portable infrared radiometer (Model PRT-5, 
Barnes Engineering Co.) at a vertical position (zero degree look angle 
measured from nadir) at a height of 2 tn above the canopy. The 
temperature resolution of the 20 degree field of view PRT-5 was ±0.5° C 
in the 8 to 14 pm wavelength interval. Apparent crop temperatures were 
measured with the PRT-5 at a height of 1 m above the canopy and a look 
angle of about 60 degrees to minimize emittance contributions from the 
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soil. Temperatures were niuastirod at 0<^3() and 1330 1ST. 

The temporaturus nioasured with the PRT-5 uere not corrected for 
eiiiissivity . EmissivUies, determined usinq a procedure similar to that 
described by I’lichs and Tanner (1%6), rarujed from 0.96 for bare, dry 
soil to 0.98 for the fully developed barley catiopy. For the range of 
temperatures and pi>rc.('nt cover (!iicount(?r<?d, the iiiaxinium error from not 
correcting for eiiiif-sivity was l.fi" C. 

Soil water contents (0 to 4-cni layer) for each location were 
determined gravimetrical 1y on soil samples collected at the time of the 
temperature measurements. The average of soil water contents measured 
at 0230 and 1330 LST was used to represent the 24-hour average. Jackson 
et a1 . (1976) reported that tl»e average of the daily maximum and minimum 
water content closely approximated the 24-hour average. 

Temperature ami soil water content measurements were initiated when 
the canopy cover reached 30 percent. Data were collected for 22 dates 
during the 45-day investigation. 

Plant samples for determining leaf area index (leaf area/soil area) 
were taken every five to seven days. Leaf areas (green leaves only) 
were measured with an optical planimeter (Lambda Instrument Corp. ). 
Percent cover was doLerminod using 35-mm color infrared slides of the 
canopy (photographed from a vertical position approximately one meter 
above the canopy) projected on a random dot, grid. Daily values of leaf 
area index (LAI) and percent cover were estimated from graphs of 
observed LAI and percent cover versus date (Fig. 1). We did not 
estimate percentages of shaded and sunlit loaves, or percentages of 
shaded and sunlit soil. 

Maximuin ami minimum air temperatures wore obtained from the 
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Brookings National Weather Service Station (approA^'‘'a\.' ly 12 km from the 
research site). All data were subjected to regression analyses. 

Aircraft Study 

Appa^er canopy temperatures of corn, soybean* millet, and pasture 

were collected along a 24-km flight line northwest of Brookings by a 

quantitative thernal scanner (Daedalus Enterprises, Inc., Ann Arbor, 

Michigan) flown in the Remote Sensing Institute's twin engine Beechcraft 

at an altitude of 3650 m above ground level. The temperature resolution 

of the scanner was 0.5“ C, and the spatial resolution was 16-cm per 

100 m of altitude at nadir. Data were collected at 1330 and 0230 1ST 

on September 5 and 6, 1978. Scanner data were not corrected for 

atmospheric attenuation or emissivity variations. Sky conditions were 

clear for all flights. Errors from neglecting emissivity variations ; 

I and atmospheric effects were less than 1" C. I 

i Soil water contents (0 to 4-cm layer) were gravimetrical ly sampled { 
1 ■ I 

j in each of the fields at the time of the aircraft overflights. Percent j 

j cover was estimated using the same procedure used in the plot study. ' 

I ; 

I Data from the aircraft study wore used to test the predictive equations ; 
developed from the plot study on barley. | 

3. Results and Discussion ! 

I 

Soil Water Conten t V ersus Temperature Relati onships 

< 

The amplitude of the diurnal soil surface temperature wave is a i 

I 

function of thermal inertia and meteorological factors (solar radiation, | 

) 

■ air temperature, humidity, etc.). Thermal inertia, an indication of a j 

( : 

; soil's resistance to temperature change, is defined as pcx® where p is ; 

t I 

j density, c is specific heat, and a is thermal conductivity. Since p, | 


6 

c and A of a soil increase as soil water content increases, the 
resulting amplitude of the diurnal temperature wave decreases. 

When the soil surface is wet, evaporation is a major factor i 

! 

controlling surface heat loss. After the surface layer dries and the ! 
soil water supply cannot meet the evaporative demand, surface heat loss, 
is by conductive transfer (soil heat flux) and is largely influenced by! 
thermal inertia. Nocturnal cooling is highly related to thermal j 

inertia. Thus, the diurnal surface temperature range can he an 
indication of soil water content. Idso et al . (1975) found a linear 
relationship between the diurnal range of surface soil temperatures and 
i soil water content in the 0 to ^-cin layer of soil, and reported that 

j 1 

! the temperature versus water content relationship was a function i 

I j 

of soil type. However, they also found that if soil v/ater content was I 
expressed in units of pressure potential, this dependence vms minimal. ; 
Vegetation cover alters the solar radiation at the soil surface | 
; and thus affects soil evaporation and soil temperatures. Therefore, i 

’ i 

! 

dynamic growth and development of vegetation would be expected to 

f 

complicate the temperature versus water content relationship. ! 

, Initially, we evaluated the relationship of day minus night 

] surface soil temperatures (aT) versus soil water content at various 

‘ stages of canopy development. Leaf area index and percent cover of the* 

i ; 

I barley canopy ranged from 0.3 to 3.2 and 30 to 90 percent respectively.* 

: i 

^ The exponential ecpjation 

' = e (1) ’ 

2 ' ' 

with an r of 0.81 and a standard deviation from regression of 2.54° C ; 

j 

j was found to best represent the relationship between aT. and the j 

i ^ j 

j average 24-hr volumetric soil water content (SWC) in the 0 to 4-cm | 
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layer of the soil profile (rifj. 2). The exponential form fit the data 

p 2 

better than linear (r » 0.71), power (r = 0.76) or quadratic 
(r^ = 0.77) curves, 

Idso et al. (1976) proposed a procedure for compensating for 
environmental variability in the thermal inertia approach by normalizing’ 
aT^ measurements with respect to an arbitrary standard diurnal air 
temperature variation. We found no significant improvement in the aT^ 
versus SWC relationship using the same nonnalization procedure. 

The temperature versus water content relationship (Eq. 1) applies 
only to Volga loam. However, Idso et al. (1975) converted soil vvater 
content to a pressure potential and found a more universal relationship 
that appeared to be independent of soil type. Schmugge et al. (1S78) j 
reported that, in the absence of pressure potential data, textural j 
differences in temperature versus water content relationships could be ; 

t 

! 

reduced by expressing soil water content as a percent of field capacity ,| 
The temperature versus soil water content relationships have limited | 
usefulness unless soil temperatures can bo estimated from remote 
measurements under all crop-cover conditions. 

Estimating Soi l Temp eratu re from Hea_5ut-emen_ts of Canopy Te mper atur e 


; During the investigation, .surface-soil temperatures at 0230 LST 

I 

i were 1.1 to B.i" C higher than apparent crop (barley) temperatures, 

) i 

i while PRT measurements of anrrrent canopy temperature (including crop 

I t 

1 

■ and soil background) at 0230 LST were 1.1 to 2.2° C higher than apparent 

i ■ , 

: crop temperatures (Fig. 3a). Differences between canopy and crop 1 

: temperatures, even at full cover, probably were the result of signifi- 

; cant amounts of thermal radiation from the soil surface being detected | 

I ; 

j by the infrared radiometer al 02,30 LST (Blad and Rosenberg, 1976). 
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At 1330 LSI, rad ionic trie incasurcnients of apparent canopy 
temperature wore O.b lo 17‘ C higher, and surface-soil temperatures 1.5 
to 20" C higher, than apparent crop temperatures (Fig. 3b). Greatest 
differences between canopy and crop temperatures at full cover occurred 
on days with high temperatures and high evaporative demand. On those 
days, some wilting of leaves occurred, which exposed more of the soil 
background to incoming solar radiation. 

Because einittance contributions from the soil surface apparently 
were detected by the infrared radiometer, equations were developed from 
regression analyses to estimate soil temperatures from remote measure- 
ments of canopy temperature. For the 0230 LSI measurements, the 
equation 


^s(0230) ' ^'^^^(0230) min ''' 


( 2 ) 


with an of 0.78 and a standard deviation from regression of 1.31° C 


was obtained where T^ 5 (q 230 ) ^ surface soil temperature, PRT^q 23 qj 


(°C) is PRT measurement of canopy temperature, and is the 


minimum NWS air temperature, for the 1330 l.ST measurement, the surface 
soil temperatures were related to the PRT measurements of canopy 
temperature and an exponential function of percent cover (PC). The 
equation 

’s(1330) = IW„33„, X e <-“•8“ 88) , 20.3B (3) 

2 

with an r of 0.86 and a standard deviation from regression of 2.63° C 
was obtained where PC is expressed as a fraction. We found no improve- 
ment in estimating soil temperature by including leaf area index, solar 
radiation, or maxiinum air temperature in the analyses. Figure 4 
conpares predicted soil temperature witli observed values. 

Measurenionts of canopy temperature used to derive (2) and (3) 
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ranged from 13 to 22” C for (2), and from 24 to 52” C for (3). Percent 
cover ranged from 0.3 to 0,9. 

Evaluation of Re sults 

Figure 5 compares observed soil water contents with values 
I predicted using Eqs. (1) through (3), and the aircraft thermal scanner 
measurements of apparent corn, soybean, millet and pasture canopy 
temperatures. Equation (1) was converted to express soil water content 
as a percent of field capacity to minimize differences associated with 
soil texture (Schmugge et al., 1978). Percent canopy cover ranged from 
50 to 80 percent for pasture and from 90 to 95 percent for corn, soy- 
bean, and millet. Soil textures ranged from sandy loam to silty clay 
loam. Differences of observed from predicted values ranged from -24.5 ; 
to +15.3 percent of field capacity. The average difference was 1.6 | 

I 

percent of field capacity. The loss accurate estimates of soil moisture' 

i i 

j for corn, soybean, and millet were probably due to the high percent j 

I cover. Q^%,j 

: 

j 4. Concluding Remarks 

I Results of this investigation indicate that thermography for j 

estimating soil water content can potentially be extended to | 

f 

developing crop canopies. The diurnal difference between surface soil 
temperatures measured at HCMM ovor|)ass times is correlated with surface 
soil water content. Surface soil temperatures can be estimated from 

remote measurements of canopy temperature if minimum air temperature 

j 

: and percent cover of the canopy are known. Remote sensing evaluation 
i of crop cover have been demonstrated (Heilman et al., 1977: Kanemasu 

I 

i et al . , 1977; Tucker, 1979) for certain species. 
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Fig. 1. Seasonal variations in leaf area index (A) and percent 
cover (B) of the barley canopy. Jointing and heading 
occurred on June 15 and July 19, respectively. 
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( Fig. 2. Relationship of the difference (Aft;) between soil surface 

temperatures measured at 1330 and f)230 local standard time 
and the average 24-hr volumetric soil water content (SWC) 
in the 0 to 4 -cm layer of the profile. 


I 


f 


T 





o 

A 

n 


o 

A 


D 



r 


19?» 

■ARICY (lOC.A) 
Mil wirtci ■ o 
M? A 

MM -jj 


O 


O 


'A 

a 


A 

a 


A 

n 



DATE 






I 

1 

,, 




1978 


13)0 l0Cil YIHI 


so 

— 

8A81EY HOC. A) 

B 



K o 

SOU tumci 
ni 





A 

Cft«f 

I 1 







o 


Eao 

o 



> 

o 

o 


u# 



0 



oA 



Q A o A 


s 

1 30 

_ A'^n 

rjiin 

o 

O A 

o 

A rj 

a 

0 8a ^ 

CjD 

a 

o 

A 

o 

20 

— 





< 


1 

^5 

1 

?I5 

is" 





aATE 




Fig. 3. Comparison of soil-surface (1-mrn below surface), apparent 
canopy (PRT), and apparent crop temperatures measured at 
0230 (A) and 1330 local standard time (B). Canopy 
temperatures included omittance contributions from the 
crop and soil background. 
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. Comparison of preciictocl and observed values of surface soil 
temperaLuro at 0230 and 1330 local standard time (I.ST). 
Teiiiperatures were predicted using equations (2) and ( 3 ). 
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Fig. 5. Comparison of predicted and observed values of 24“hr 
average soil water content In the 0 to 4-cni layer of 
the soil profile. Predictions were made using equations 
(1), (2), and (3) and aircraft thermal scanner measurements 
of canopy temperature. 
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BACKGROUND ” 

Thennal infrared detection and quantification of near-surface soil 
water content are based on relationships between surface soil tempera- 
ture and soil moisture. Diurnal variations of surface soil temperature 
are related to soil thermal properties and meteorological factors such 
as solar radiation, air temperature, relative humidity, wind, etc. The 
meteorological factors represent the driving force for diurnal soil 
temperature variations. Thermal inertia (Jm sec ^ K ), defined as 
where x(Wnr^ K’^) is thermal conductivity and C(Jm”^ K’^) is 
volumetric heat capacity, represents a soil's resistance to the driving 
force. Since A and C increase with an increase of soil moisture, the 
resulting range of surface soil temperature will decrease. 

When the soil surface is wet, evaporation is a major factor 
controlling surface heat loss. As the surface layer dries and the soil 
water supply cannot meet the evaporative demand, soil temperature is 
largely influenced by themal inertia. Thus, the diurnal range of 
surface soil temperature can be an indication of soil water content. 
Idso et al. (1975) found a significant relationship between the diurnal 
range of surface soil temperature (bare soil) and surface soil water 
content, and reported that the relationship was a function of soil 
type. Pratt and Ellyett (1979) presented a method for estimating soil 
thermal properties for changes in composition, porosity, and moisture 
content. Although temperature versus water content relationships are 
complicated by vegetation, Heilman et al . (1978) demonstrated the 
potential for estimating near-surface soil moisture from remote 
temperature measurements of crop canopies at incomplete cover. 

One objective of NASA's Heat Capacity Mapping Mission (HCMM) is to 


1 


/“? 


2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 


I5 


16 

17 

18 

19 

20 


21 


22 

23 

24 




__ _ __2 

evaluate the feasibility of using IICMH data to assess soil moisture 

effects by observing temperatures near the maximum and minimum of the 

diurnal tempei'ature cycle. The satellite, which carries a two-channel 

radiometer (O.b to 1.1 and 10.5 to 12.5 imi), collects data at 1:30 p.m. 

and 2:30 a.m. local time at mid latitudes with a repeat cycle of 5 or 

16 days depending on latitude. Spatial resolutions are 0.5 x 0.5 km at 

nadir for the visible channel and 0.6 x 0.6 km at nadir for the thermal 

infrared channel. An example of HCMfi detection of a region of high 

soil moisture is presented in the following discussion. 

DISCUSSION 

In early April 1978 heavy runoff from snowmelt and ice blockage 
caused significant flooding of alluvial areas in a portion of the Big 
Sioux River Basin in southeastern South Dakota (Fig. 1). By mid-May, 
flood waters had receded, but an area of high soil moisture (at or near 
field capacity) remained. Soil moisture in the surrounding terrace 
soils was generally less than in the flood plain. 

The high moisture area appeared warmer than surrounding areas on 
May 14 HCMM night thermal imagery (Fig. 2 ) and cooler than surrounding 
areas on May 15 HCMM day thermal imagery (Fig. 3). The temperature 
differences between alluvial and surrounding areas were probably the 
result of thermal inertia and evaporation differences associated with 
soil moisture differences. The high moisture area was not visible on 
Landsat imagery (Fig. 4). 

Although digital data were not available at the time of the 
writing of this article to quantify radiometric temperatuv’e 
differences associated with th^ soil moisture differences, results 
presented here demonstrated the superiority of HCMM thermal data 
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acquired at the appropriate po»-iods of the diurnal temperature cycle 
over Landsat data for assessiny soil moisture differences. Final 
results from HCMM soil moisture invostiyations currently in progress 
will fully evaluate the utility of using IICMM and similar data for 
evaluating soil moisture from space. 
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Figu»'e 

1 Landfonn map of Brookinys County, South Dakota, showing 
location of alluvial soils (bottomland) of the Big Sioux 
River Basin which were flooded in early April 1978. 

2 Photographic enlargeinent of a May 14, 1978, night thermal 
infrared image (scene ID A-AOOl 8-08420) showing a high soil 
moisture area (arrows) in southeastern South Dakota. Dark 
is cool V 

3 Photographic enlargement of a May 15, 1978, day thermal 
infrared image (scene ID A-A0029- 19575) showing a high 
soil moisture area (arrows) in southeastern South Dakota. 
Dark is cool, 

4 Photographic enlargement of a May 13, 1978, Landsat MSS 7 
image (scene ID E-21 207-1 6083) of the same area shov/n in 
Fig. 2 and 3. 
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(To be published in Proceedings of Fifth Pecora Symposium on Satellite 
Hydrology) 




HYDROLOGIC lllVf STIGATION Of- EASTERN 
SOUTH DAKOIA USING IICflM DATA 

1 / 

J.L. Heili’wn and U.G. fioore-' 


--'^Research Soil Physicist, and Assistant Director, Remote Sensing Institute, 
South Dakota State University, Brookings, South Dakota 57007. 


ABSTRACT 


Results uf ground, dircraft, and satellite investigations are 
presented that demonstrate the potential for using data from NASA's 
Heat Capacity Mapping Mission (HCMM) satellite to provide information 
on near-surface soil moisture and perched water tables. The satellite, 
which carries a two-channel radiometer (0.5 to 1.1 and 10.5 to 12.5 um) 
in a sun-synchronous orbit, collects data at approximately 0230 and 1330 
local standard time with repeat coverage of five or 16 days depending 
on latitute. Pe»'ched water tables Influence surface and subsurface 
soil temperatures because of a heat sink effect created by 
the high heat capacity of water. Near-surface soil moisture influences 
surface temperature through conductive heat transfer (affected by thermal 
inertia) and evaporation. Tlius, HCMM data acquired near maximum and 
minimum periods of the diurnal temperature cycle can provide useful 
soil moisture intormation. Hydrologic, intorpretatiotis of HCMM data are 
complicated by thermal inertia -heat sink interactions, vegetation, 
cvapotranspiration, topograptiy, atmospheric absorption and other 
environmental variables such as solar radiation, temperature, wind, 
etc. 

KEY TERMS: HCMM, Thermal Inertia, Energy Balance, Soil Moisture, 


Groundwater 


INIKOUUCTION 


Virtually all physical processes occurring at the earth’s surface 
or in the atmosphere involve transforiiiations or transfers of energy. 
Energy balance interactions have important hydrologic implications since 
water and energy balances are intimately related (evapotranspi ration 
requires a source of energy). Distribution of precipitation affects 
the thermal regime of the surface through changes in evapotranspi ration 
and thermal properties of soil and vegetation. Surface temperatures 
are also influenced by distribution and flow of shallow aquifers. 

Surface temperatures can provide information on the nature of 
surface and subsurface hydrology. However, spatial and temporal 
variations in surface temperature are difficult to evaluate on the 
ground. The spatial criterion can be fulfilled by remote sensing from 
aircraft and satellite. Monitoring of dynamic hydrologic features, such 
as soil moisture, which requires repetitive coverage is feasible only 
with satellites. 

NASA's Heat Capacity Mapping Mission (IICMM) launched on April 26, 
1978, is the first satellite designed to evaluate remote sensor-derived 
temperature measurements of the earth's surface at times when the 
temperature variation is at a maximum. Thus, the HCMM represents a 
potentially useful tool for hydrologic studies. 

Ground, aircraft, and satellite investigations were conducted in 
eastern South Dakota to evaluate the potential for using HCMM data to 
monitor soil moisture and depth to shallow groundwater. Many of the 
results are preliminary since investigations are still in progress. 
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Eastern South Dakota is chardcteriz.ed by shallow perched water tables 
and significant spatial and Loinporal variations in soil moisture and 
agricultural land use. Host topographic features in the area are re- 
lated to glaciation or stroani erosion. The complexities of the ground- 
water regime ami land use patterns in eastern South Dakota provide a 
wide range of conditions in wliich IICMH dita can be evaluated. 

HEAT CAPACITY MAPPING MISSION 

The HCMM carries a two-channel radiometer (0.b5 to 1,1 and 10.5 
to 12.5 pm) in a sun-synchronous orbit (orbital altitude is 620 km). 

Spatial resolutions are 0,5 x 0.5 km at nadir for the visible channel 
and 0.6 x 0.6 km at nadir for the thermal infrared channel . The neAt 
of the thermal channel is O.T 'K at 280 "fC. Swath width is 716 km. HCMM 
collects data at 2:30 a.m. and 1:30 p.m, local standard time at mid- 
latitudes with a repeat cycle of five of 16 days depending on 
latitude. 

Standard data products include visible, day IP, and night IR 
imagery (1:4,000,000 scale), and associated computer compatible tapes. 

An example of a night thermal IR image is shown in Pig. 1. Special 
data products include day-night temperature difference and apparent 
thennal inertia (ATI). ATI, which has many attributes of true thermal 
inertia, is defined at C(l-a)/AT where C is a constant related to 
latitude and solar declination, a is apparent albedo obtained from 
daytime HCMM reflectivity measurements, and aT is the day-night 
radiometric temperature di fference observed by HCMM. 
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INTERPRfJATIOfJ EXAf^LES 


Soil Moisture 

Diurnal variations of surface soil temperatures are principally 
related to thermal inertia, evaporation, land use, and meteorological 
factors {solar insolation, air temperature, humidity, etc.). Thermal 
inertia, an indication of a soil's resistance to temperature change, is 
defined as (Cx)‘ where C is volumetric heat capacity and a is thermal 
conductivity. Since C and a increase as soil water content increases, 
the resulting amplitude of the diurnal soil temperature wave decreases. 

When the soil surface is wet, evaporation is a major factor 
controlling surface heat loss since less energy is partitioned into 
latent heat of vaporization and is not available for heating the soil. 
After the surface layer dries and the soil water supply cannot meet the 
evaporative demand, surface; ti’iiiperature of a bare soil is largely 
related to tln'riiial inertia. Nocturnal cooling is higftly dependent 
on thermal inei'tia. Thus, the amplitude of diurnal soil temperature 
variations can be an indication of noar-surface soil water content. 

Idso et al. (197b) found a linear relationship between the 
diurnal range of surface soil temperatures (bare soil) and near-surface 
soil water content, and reported that the temperature versus water 
content relationship was a function of soil type. The textural 
dependence can be minimized by exiiressing soil water content in units 
of pi’essure potential or as a percent of field capacity (Idso et al . , 
1975; Schmugge et al., 1978). Meteorological variability can be reduced 


by normalizing the amplitude of the diurnal surface soil temperature 
wave with respect to a standard diurnal air temperature variation 
(Idso et al. , 1976). 
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Vegetation alters solar insolation at the soil surface and thus 
affects soil temperature. Therefore, growth and development of 
vegetation would be expected to complicate temperature versus soil 
water content relationships. Since crop canopies are the primary source 
of land surface emittance during most of the growing season in South 
Dakota, the use of HCMM data for hydrologic investigations requires that 
vegetation be considered in the analysis. 

A ground study was conducted in a barley canopy planted in a iJ5 x 
300 m field of Volga loam to evaluate soil temperature (measured at 
HCMM overpass Limes by thermocouples l-mm below the soil surface) 
versus water content relationships at various stages of canopy develop- 
ment (Heilman and Moore, 1979a). Percent cover of the developing barley 
canopy ranged from 30 to 90 percent ov(H’ the 45-day study. The 
exponential equation 

^ ( 1 ) 

2 

with an r of 0.81 was found to best represent the relationship 
between day minus night surface soil temperatures (aT^) and the 
average 24-hr volumetric soil water content (SWC) in the 0 to 4-cm 
layer of the soil profile (Fig. 2). 

The relationship in (1) has limited usefulness unless aT^ can be 
estimated from remote measurements under a wide range of crop-cover 
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conditions. Tlui ground study found that apparent canopy temperatures 
measured 2 ni ab(we tlie canopy by a ifO" RW infrared radiometer (Model 
PRT-5, Barnes Enqineering Co.) at a vertical position (zero degree look 
angle inGasured from nadir) at IICMM overpass times contained significant 
emittance contributions from both the soil and the crop canopy through- 
out the growing season. Therefore, equations were developed from 
regression analyses of surface-soil and apparent-canopy temperatures 
to estimate surface-soil temperature from remote measurements. For 
0230 LSI measurements, the equation 


^s(0230) ^c(0230) ‘‘ min 

2 

with an R of 0.78 was obtained v/here fg^oHSO) surface soil 

temperature, and (”C) is (he minimum air temperature obtained 

from the nearest National Weather Service station. For the 1330 1ST 
measurement, surface soil temperature was related to apparent canopy 
temperature and an exponential function of percent cover (PC). The 
equation 


I .1 0 79 T X + 20 315 

'$(1330) 'c(1330) ^ ^ 


(3) 


with an r of 0.86 was obtained where PC is expressed as a fraction. 

Equations (1), (2), and (3) were tested using simulated HCMM 
data (aircraft thermal scanner data collected at an altitude of 3660 m 
AGL) collected over corn, soybean, millet, and pasture (Heilman and 
Moore, 1979a). Percent ( anopy cover ranged from 50 to 80 percent for 
pasture and from 90 to 95 percent for corn, soybean, and millet. Soil 
textures ranged from sandy loam to silty clay loam. 
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Figure 3 compares observed soil water content with values predicted 
using equations (1) through (3) and simulated HCMM measurements of 
apparent canopy tcmperatiire. Equation (1) was converted to express 
soil water content as a percent field capacity to minimize textural 
differences (Schmugge et al., 1978). The average difference of observed 
from predicted values was 1.6 percent of field capacity. 

Preliminary analyses of actual HCMM data of eastern South Dakota 
indicates that high soil moisture areas can be detected using HCffi 
thermal imagery. In early April 1978 heavy spring runoff and ice 
blockage caused significant flooding of alluvial areas in a portion of 
the Big Sioux River Basin in southeastern South Dakota (Fig. 4). Flood 
waters had receded by mid-May, but an area of high soil moisture (at 
or near field capacity) remained. Soil moisture in the surrounding 
upland soils was generally loss. 

The higli moisture area appeared cooler than surrounding areas 
on May 15 day thermal imagery (Fig. 5). Temperature differences 
between the flood plain and surrounding areas were probably the result 
of thermal inertia and evaporation differences associated with soil 
moisture differences. The hi(|h moisture area v/as not visible on 
Landsat imagery (Fig. 6) which confirms that no standing water was 
present in the fields. Adjacent alluvial areas did not appear 
different from uplands, indicating that the anomaly was not associated 
with inherent thermal inertia of the soil but with a moisture difference. 
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These results indicate a potential (or evaluating soil moisture 
using HCMM data. Final results from HCMM soil moisture investigations 
currently in progress will continue to evaluate the utility of using 
HCWt and similar data for guantifyinq soil moisture difference from 
space. 

Groundwater 

Surface soil temperatures are controlled not only by meteorological 
factors and soil/water/vegetation properties at depths within the diurnal 
damping depth, but also by the ability of underlying soil material to 
store and transfer heat. For example, the high heat capacity of ground- 
water within the depth of annual soil temperature variation produces a 
heat sink in summer and a heat source in winter which reduces annual 
temperature variations (Cartwright, I9(i(5), Variations in groundwater 
depth do not significantly affect the amplitude of the diurnal temperature 
curve, but do shift the curve up or dov/n in absolute magnitude, (Huntley, 
1978). 

Figui’e 7 illustrates the offcct of deptii to groundv/ater on sub- 
surface soil temperatures measured in the Big Sioux River Basin in 
southeastern South Dakota, A highly significant positive correlation 
(r = 0,68**) was found boLween bO-cm soil I.emperature and depths to 
groundwater of three meters or less. 

flyers and fioore (1972) and Moore and Myers (1972) evaluated 
aerial thermography of the Sioux Basin and found that apparent thermal 
anomalies related to shallow groundv/ater could be detected during 


8 


predawn hours in August and early Soptembor, the period of the inaxiniuiii 
downward teinpeM’ature gradient in South Dakota (Fig. S). In addition, 
they found that the thickness of saturated sands and gravels corresponded 
closely to an apparent cool anomaly. During the daytime, they found 
that thermal patterns produc(;d by differential ET rates, ground 
shadings, reflectances, and other factors masked thermal patterns 
produced by subsurface conditions (Fig. 8). 

Sim'lar results are visible on IICMM imagery. The Big Sioux Basin 
appears cooler than surrounding areas on August night thermal Imagery, 
primarily because of the heat sink created by shallow aquifers within 
the Basin (Fig. 9). The Big Sioux Basin is not visible on day thermal 
or visible iiiingory because of the masking effect associated witii land 
use (Figs. 10 and 11). Investigations are in progress to evaluate HCMM 
and similar data for evaluating depth to groundwater for the shallow 
water tables. 

blSCUSSIOfl 

Although the potential for using HCflM and similar data in soil 
moisture and groundwater investigations has been demonstrated, there 
are limitations in the use of such data which must be considered. 
Environmental factors which influence energy balance interactions must 
be considered when using thermal data. Due to its large heats of 
fusion and vaporization, v/ator undergoing phase transformations act 
as a heat source or sink. Changes in heat content will not be 
represented by a corresponding temperature change if a phase transformation 
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occurs. Thus, conditions teivoriiu) hinh LT rates or dew or frost 
formation are not favorahln for romoto sonsiinj of shallow ground- 
water or for assessinq noar-surfaco soil moisture. 

Soil moisture and shallow qroundwator affect surface temperature 
in the same direction during the day, and in opposite directions 
at night during the later-suiiimor period of maximum downward 
temperature gradients. Thus, thermal inertia and heat sink 
Interactions must be considered, particularly in groundwater Investi- 
gations. 

Wind patterns may obscure thermal anomalies created by soil 
moisture and groundwater (Fig. 1.'?). Topographic variations and 
vortical extrusions affor t tlie boundary layer and thus affect 
sensible and latent heal trans|iiil.. 

Atmospheric constituents (clouds, aerosols, wafer vapor, etc.) 
influence surface temporatur'c' by attenuating incoming solar radiation 
and affecting radiative cooling of the Mirface. Since atmospheric 
counter-radiation is emitted by atmospheric constituents, radiative 
cooling will be greater under a clear sty. Atmospheric components 
also affect the amount of longwave radiation emitted by the surface 
that is detected by HCMIi or other thermal sensors. 

Thermal remote sensing has an advantage of relating to subsurface 
properties since surface temperatures atid omittances are a function of 
both surface and subsurface properties. Tiiose preliminary results 
indicate that observations at appropriate periods within the diurnal 
cycle can provide informal ion on soil moisture. Observations at appropriate 
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periods of the diurnal and annudl temperature cycle may reveal 
information on shallow water tables within the range of the annual 
damping depth (10 to 15 m in northern latitudes of South Dakota), 
and other preliminary results appear promising for development of 
interpretation models to advance the use of thermography. 
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LIST OF riGUICS 


Fig. 1. An August 29, 1970, night HCMM thormal infrared image (scene 

ID A-A0125-08340) of portions of the upper Midwest. (Approximate 
scale 1:4,000,000, dark is cool). 

Fig. 2. Relationship of the difference (/.Ts) between soil surface 

temperatures measured at HCMM overpass times and the average 
24-hr volumetric soil water content (SWC) in the 0 to 4-cm 
layer of the profile. Temperatures were measured by thermo- 
couple 1 mm below the surface in a field of Volga loam 
(Heilman and Moore, 1979a). 

Fig. 3. Comparison of predicted and observed values of 24-hr average 
soil water content in the 0 to 4-cm layer of the soil profile. 
Predictions were made using equations (1), (2), and (3) and 
simulated HCMM measurement of canopy temperature (Heilman and 
Moore, 1979a). 

Fig. 4. Landform map of Brookings County, South Dakota, showing 
location of alluvial soils (bottomland) in the Big Sioux 
River Basin which were flooded in early April 1978 (Heilman 
and Moore, 1979b). 

Fig. 5. Photographic enlargement of a May 15, 1978, day HCMM thermal 
infrared image (scone ID A-A0029- 19575) showing a high soil 
moisture area in eastern South Dakota (Heilman and Moore, 

1979b). Dark is cool. 

Fig. 6. Photographic enlargement of a May 13, 1978, Landsat MSS7 
image (scene ID [;-212n7-16083) of tfie same area shown in 
Fig. 5. (Heilman and Moore 1979b). 

Fig. 7. Relationship of 50-cm soil tempera tures of depth to ground- 
water for row crops and pasture. Temperatures were measured 
in the Big Sioux River Basin during daylight hours on 
September 5-7, 1978. 

Fig. 8. Day and night thermal imagery of the Sioux Basin north of Sioux 
Falls. The night image (b) shows a broad cool pattern within the 
flood plain associated with subsurface conditions. Daytime (a) 
thermal patterns mask anomalies associated with subsurface 
conditions. The flood plain is delineated by the dotted line; 
numbers are thickness (m) of saturated sands and gravels. 
Approximate scale 1:60,000, dark is cool. (After Moore and 
Myers, 1972; Myers and Moore, 1972). 

Fig. 9. Photographic enlargement of an August 29, 1978, night HCMM 
thermal infrared image (scene ID A-AOl 25-08340) showing the 
Big Sioux Basin. Note that tlKe Basin appears cooler than 
surrounding areas, due primarily to tfie heat sink produced 
by shallow groundwater within tlie Basin. (Approximate scale 
1:1,000,000; dark is cool). 
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Fig. 10. A September 4, 1978, photographic enlargement of a HCMM day 
thermal infrared image (scene ID A-A0131-1942U) of the same 
area shown in Fig. 9. Note that the Big Sioux River Basin is 
not visible because of emittance variation associated with 
land use. (Approximate scale 1:1,000,000; dark is cool). 

Fig. 11. A September 4, 1978, positive photographic enlargement of a 
HCMM day visible image of the same area shown in Fig. 9 and 
10. Note that the Big Sioux River Basin is not visible. 
(Approximate scale 1:1,000,000). 

Fig. 12. Wind patterns on night thermal imagery of an area south of 
and including Sioux Falls. Wind was from the northeast at 
a speed of 10 knots. Approximate scale 1:55,000; dark is 
cool . 





• RlO 

9 




An Au(iust i’9, 19/;^ iiicjhl lit 
TD A-AOI 2'j-OA^^n) o( I'ort. ion 
scale 1 : <1,000. 000, d.nl j<. i 
0.6 X 0.6 km; overp.r •> I. iiiic 


I Uioriiieil infrared image ( 
nl I he upner Midwest. (A 
I). inv.T ^ 0.4"C; IfOV = 
o;M'i local standard tiitie. 




VOLUMETRIC SOIL WATER CONTENT (%) 


Relationship of the difference (-T ) between soil surface 
temperatures measured at HCMM overpass times and the average 
24-hr volumetric soil water content (SWC) in the 0 to 4-cm 
layer of the profile. Temperatures were measured by thermo- 
couple 1 mm below the surface in a field of Volga loam 
(Heilman and Moore, 19/9a). 




OBSERVED SOU WATER CONTENT (%of f.c.) 


Fig. 3. Comparison of prodictc.’d and observed values of 24-hr average 
soil water content in the 0 to 4-cm layer of the soil profile. 
Predictions were made using equations (1), (2), and (3) and 
simulated HCMM measurement of canopy temperature (Heilman and 
Moore, 1979a). 




Fig. 4. Landform map of Brookings County* South Dakota* showing 
location of alluvial soils (bottomland) in the Big Sioux 
River Basin which were flooded in early April 1978 (Heilman 
and Moore, 1979b). 


% 








Fiy. b. I’hotoyraphic enlaryi‘i.:e»it. ot a Il.i/ 13, 19/ii, Laiidsat HS'j/ || 

Image (scene ID F-?r<‘07-ir)0»3) of tiie sane area shown in | 

Fi<). i). (Ileilr.ian <iinl floore, i 








m 

Saa 

< 

m 

32 

S 

Hi 

*•21 
O 20 

iA * 

E 

V 19 
o 

m 

)8 


if« ctifi — n 

MlfU«l - A 


n 





J •* S JI ^ I I I 
9 « Mf •• 


C 

i i 1 1 L - . L 

] 2 3 

DEPTH TO WATER TAOIE (m) 


Fig. 7. Relationship of r)0-cm soil tomperdtiires of depth to ground- 
water for row crops and pasture. Temperatures were measured 
in the Bin Sioux River Basin durinq daylight hours on 
September h-7, 1978. 
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NIGHT, AUGUST 26, 1971 


Day itiKi ir‘ ihl thcrnidl iriMgery of tfio Sioux Basin north of S 
Falls. Iho ni(|tit (h) shov*/s a hrotid cool p.-^ttorn with 

flood plain assoc^atofl witfi sutisurfare conditions. Daytime 
thcrniiil patterns in<ist anoiiialios associated witfi subsurface 
Condi ti('ns. The flood plain is do I i nisi ted by the dotted li 
numbers are thickness (m) of saturated sands and gravels. 
Approximate' scale 1:60,000, dark is cufj], (After Moore and 
Myer'S, 1^7?; Myers and Moore, 10/P). 
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Photographic cnloTO'^inont of an Amitist 29, 1978, night HCMM 
thermal infrared imatio (scene ID A-AOl 25-08340) showing the 
Big Sioux Basin. Mole that the Basin appears cooler than 
surrounding areas, duo primarily to the heat sink produced 
by shallow groundwator within tlu* Basin. (Approximate scale 
1:1,000,000; dark is cool). 
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Fig. 10. A Scptombor <1, I'J/H, pluitogidphic onldrqement of a HCMM day 
thcMT.iol infrared iiiM<i<' (scone ID A-AOl 31 -19420) o the same 
area shown in Fir). 9. Note th,it the Biq Sioux River Basin is 
not visil)le bccauso of t'mittanco variation associated with 
land ns('. (Appnixinuit,(‘ scale 1:1,000.000; dark ir. cool). 




. 12. Wind p.ittci ns on niqtit Ihmiuil imuqory of an (irea south of 
and including Sioux falls. Wind wa-, froi'i the northeast at 
a speed of 10 knots. Approximate scale 1:55,000; dark is 
cool . 
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